Background: Amifostine is a potent scavenger of reactive oxygen species that is used for the salivary gland protection during therapy with radioactive iodine for thyroid cancer. There are no data on the potential effect of amifostine on thyroid cancer cells. Methods: We investigated the effects of the active form of amifostine (WR-1065) on the response of thyroid cancer cells to treatment with DNA-damaging agents. WR-1065 was examined in human thyroid cancer cell lines (FTC133, TPC1, BCPAP and C643) and embryonic fibroblast cells NIH3T3. DNA damage was induced by exposure to H 2 O 2 (0.1 mM), by treatment with the radiomimetic neocarzinostatin (NCS 250 ng/mL) and by
Introduction
Standard treatment of thyroid cancer consists of surgical resection and radioiodine ( 131 I) therapy (1) . Depending on the risk stratification of the individual patient, the primary goal of the application of radioactive iodine (RAI) after surgery may be (1) remnant ablation; (2) adjuvant therapy (to decrease risk of recurrence and diseasespecific mortality, by destroying suspected but unproven metastatic disease) or (3) RAI therapy (to treat known persistent disease). In thyroid cancer cells, radiation causes irreparable damage to critical targets within the cell, such as DNA, RNA, proteins and lipids, leading to cell death. Nevertheless, subsequent to radiation, a number of defense mechanisms and processes are initiated in the damaged cells and tissues such as activation of DNA repair, activation of signal transduction, expression of radiation response genes and stimulation of proliferation (2) . These pathways can be important for cell or tissue recovery after radiation exposure but may also play a role in the development of toxicity.
Apart from specific uptake by thyroid tissue, the iodine 131 isotopes are accumulated actively in other tissues by an adenosine triphosphate (ATP)-dependent Na (3) . The incidence of side effects related to salivary gland damage, such as painful salivary gland swelling, xerostomia, taste alterations and oral infections has been reported to be very variable, ranging from 2% to 67% of patients undergoing therapy with RAI (4) . Therefore, reduction of side effects of high-dose RAI treatment emerged as a clinically important issue.
Amifostine (Ethyol, Alza Pharmaceuticals, Mountain View, CA, USA) is an inorganic thiophosphate cytoprotective agent known chemically as ethanethiol, 2-dihydrogen phosphate. It is a prodrug of a free thiol (WR-1065) that may act as a scavenger of free radicals generated in tissues exposed to cytotoxic drugs and binds to reactive metabolites of such drugs (5) . Amifostine was developed originally as a radioprotective agent in a classified nuclear warfare project. Following declassification of the project, it was evaluated as a cytoprotective agent against toxicity of alkylating drugs and radiotherapy involving DNA-binding chemotherapeutic agents. Amifostine (WR2721) is a prodrug converted by alkaline phosphatase to its active, dephosphorylated form: WR1065. Differences in the alkaline phosphatase concentration of normal vs tumor tissues can result in greater conversion of amifostine in normal tissues (6) . WR1065 can penetrate the cell membrane by both passive and active diffusion mechanisms. Inside the cell, WR-1065 provides an alternative target to DNA and RNA for the reactive molecules of alkylating or platinum-based agents and acts as a potent scavenger of the oxygen free radicals induced by ionizing radiation and some chemotherapy agents.
In vitro data demonstrated that WR1065 efficiently reduces the extent of DNA damage caused by free radicals (7) . In addition, protective effects of amifostine have been attributed to activation of DNA repair signaling and activation of anti-apoptotic signaling pathways. In vivo studies have shown that amifostine is accumulated more rapidly in various normal tissues than in tumors.
The selective protection of non-malignant tissues is believed to be due to higher alkaline phosphatase activity, higher pH, and vascular microcirculation of normal tissues. These observations have led to the concept that amifostine could be used clinically to limit the side effects of radiotherapy and chemotherapy on normal tissues, while not affecting its therapeutic efficacy on tumors (8) . The drug is now used clinically to reduce the cumulative renal toxicity associated with administration of platinum drugs in patients treated for ovarian cancers and radiationinduced salivary gland damage in patients with head and neck and lung cancers.
The effects of amifostine on salivary gland function also were examined in patients receiving high-dose RAI therapy (3, 9) . It has been reported that parenchymal damage in salivary glands induced by high-dose radioiodine treatment can be significantly reduced by amifostine in patients with thyroid cancer. More recent data, however, suggested a lack of salivary gland protection after therapy with amifostine in patients with thyroid cancer treated with radioiodine (10). These conflicting data from studies in different institutions could be related to the different patient populations, as well as to the different regimens of treatment with amifostine. Without clarity of potential efficacy, the American Thyroid Association guidelines for thyroid nodules and thyroid cancer currently state that the evidence is insufficient to recommend for or against amifostine usage for salivary gland protection in patients undergoing therapy with RAI.
Interestingly, several experimental and pre-clinical models suggest that amifostine may also act through more specific mechanisms than broad-range, free radical scavenging and may have different effects in normal vs cancer cells. In nude mice carrying xenografts of human ovarian cancer cells, amifostine has been reported to potentiate tumor growth inhibition by a standard dose of platinum drugs (11) . Moreover, WR1065 has been shown to delay cell-cycle progression in cultured cancer cells (12) , to affect the phosphorylation of topoisomerase IIa, and to affect the expression of genes associated with cell proliferation such as c-myc and thymidine kinase (13) . It has also been reported that exposure of cultured cells to WR1065, as well as to the prodrug WR2721, induced accumulation and activation of p53, and that this effect correlates with induction of p53 target genes (e.g. CDK inhibitor p21, pro-apoptotic genes bax-1, killer/DR5, and CD95/APO-1/fas) and several genes involved in the control of intracellular redox metabolism (14) . Together these data raise the possibility that, in addition to its radioprotective activity in normal cells, amifostine may enhance radiation-inducible apoptosis in cancer cells harboring oncogene mutations.
It has to be noted that, despite the clinical use of amifostine in treatment of thyroid cancer patients, there is no information on its molecular mechanisms of action in thyroid cancer cells. We investigated the effects of the active form of amifostine (WR-1065) on the response of thyroid cancer cells to treatment with DNA-damaging agents and assessed its effects on thyroid cancer cell growth, differentiation and apoptosis.
Materials and methods

Cell lines and culture conditions
The protocol for study was approved by the Institutional Review Board at the Washington Hospital Center and Uniformed Services University of the Health Sciences. Human thyroid cancer cell lines derived from follicular thyroid cancer (FTC133), papillary thyroid cancer (TPC1 and BCPAP) and anaplastic thyroid cancer (C643) cells, as well as NIH3T3 mouse embryonic fibroblast cells were obtained from Dr Motoyasu Saji (The Ohio State University), with permission from the researchers who originally established the cell lines. All thyroid cancer cell lines had been tested and authenticated by DNA analysis to be of thyroid origin. The short tandem repeat (STR) profiling was performed at the Ohio State University before the start of experiments. These cell lines express common thyroid oncogenes including BRAF V600E (BCPAP and C643), RET/PTC1 (TPC1), loss of PTEN expression (FTC133), Asp259Tyr TP53 mutation (BCPAP), Arg248Gln TP53 mutation (C643) and HRAS mutation (C643 cells).
Cancer cells were propagated in RPMI-1640 medium (Invitrogen, ThermoFisher Scientific) supplemented with 5% fetal bovine serum. All experiments were performed using thyroid cancer cell lines that had been passaged fewer than 15 times. STR has been performed again at the conclusion of the experiments and re-authenticated the cell lines -100% BCPAP, 100% C643, 100% TPC and >80% FTC133. For experiments with pharmacological agents, thyroid cancer cells were incubated with either control medium or medium containing the active, dephosphorylated form of amifostine, WR-1065 (SigmaAldrich). The radiomimetic drug neocarzinostatin (NCS; Sigma-Aldrich) was added to fresh cell media with a final concentration of 250 ng/mL.
Cell viability and proliferation assays
Cell viability was determined by alamarBlue assay (Invitrogen, ThermoFisher Scientific) according to manufacturer instructions. Cells were plated in 96-well cell culture plates and grown until 50% confluence was reached. Cells were treated with WR-1065 at concentrations varying from 0.1 mM to 1 mM for 24 h. Alamar blue solution was added to each well, and cells were incubated for 4 h. The absorbance of Alamar blue reagent was monitored at 570 nM and 600 nM by spectrophotometer.
Cell death also was assessed by propidium iodide (PI) staining (Life Technologies).
For the cell proliferation assay, thyroid cancer cells were plated at a density of 50,000 cells/well in 6-well plates. Cells adhered overnight and then were treated with WR-1065 at concentrations varying from 0.1 mM to 1 mM. After incubation for 24 h, cell proliferation rate was determined by cell counting using Vi-CELL Cell Viability Analyzer from Beckman Coulter (Fullerton, CA, USA).
Protein extraction and Western blot analysis
Thyroid cancer cells were incubated with ice-cold cell lysis buffer, scraped, centrifuged and the supernatant was stored at −80°C. Twenty-five micrograms of total protein lysate were suspended in reduced SDS sample buffer and protein lysates were subjected to SDS-PAGE (7%). The separated proteins were transferred to nitrocellulose membranes (0.2-µm pore size; Invitrogen) by electrophoretic blotting (Invitrogen). Non-specific binding was prevented by blocking with 0.1% Tween 20 in PBS (PBS-T) containing 5% nonfat dry milk overnight at 4°C.
Membranes were incubated overnight with the primary antibody against γH2AX, PARP, caspase-3 and β-actin (Cell Signaling Technology). Membranes were then incubated with secondary antibody in PBS-T containing 5% nonfat dry milk for 1 h at room temperature. After washing with PBS-T four times (15 min/wash), protein bands on the blots were visualized using the Li-COR Odyssey imaging system (LI-COR Biosciences Lincoln, NE, USA).
In vitro irradiation
Exponentially growing thyroid cancer cells were plated 24 h before irradiation in 6-well plates in 10% FBS-containing RPMI medium. Immediately before irradiation, cell culture medium was replaced by fresh culture medium, and cells were exposed to γ-irradiation (6 Gy; 60 Co, GammaCell 40; 35 Gy/h). At 24 h post irradiation, thyroid cancer cells were collected for protein extraction.
Comet assay
DNA damage was determined by Comet assay. This assay is based on the separation from supercoiled DNA of DNA loops containing strand breaks (SSBs and DSBs) that become free to migrate out of the nucleus toward the anode during an alkaline electrophoresis in a solution of 0.3 M NaOH, 1 mM EDTA and pH >13. DNA images were captured after staining with ethidium bromide (20 μg/mL) with a Nikon imaging microscope with a 40× objective lens. For quantification, the comets were classified into different categories. We measured the comet score in 200 randomly selected cells per slide. Results were expressed as the percentage of each stage of comets per slide.
Results
WR-1065 did not protect thyroid cancer cells against DNA damage in an oxidative stress model
To test the hypothesis that amifostine, a radioprotective compound with antioxidant properties, may attenuate DNA damage in thyroid cancer cells, we examined the effects of WR-1065 (the active thiol form of amifostine) in FTC, PTC and ATC-derived cell lines. To induce DNA damage in thyroid cancer cells, we used an oxidative stress model and performed treatment with H 2 O 2 (0.1 mM). As a control, we also examined the effects of WR-1065 (0.1 mM) on H 2 O 2 -inducible DNA damage in NIH3T3 fibroblasts.
DNA damage in thyroid cancer cells (FTC133, TPC1, BCPCP and C643) and in NIH3T3 fibroblasts was quantified by Comet assay 60 min after exposure to H 2 O 2 . As demonstrated in Fig. 1A , an increase in the length and Together these data demonstrated that WR-1065 prevented oxidative stress-inducible DNA damage in NIH3T3 fibroblast cells, but did not attenuate DNA damage in thyroid cancer cells exposed to oxidative stress.
WR-1065 did not protect thyroid cancer cells against DNA damage that was induced by the radiomimetic neocarzinostatin (NCS) or γ-radiation
As H 2 O 2 is rapidly degraded when added to the cells, we used a pharmacological radiomimetic neocarzinostatin (NCS) to determine the effects of WR-1065 on thyroid cancer cells subjected to the chronic exposure to the DNA-damaging agent. Treatment with NCS (250 nM for 24 h) was associated with DNA damage and phosphorylation of histone H2AX ( Fig. 2A ) in all examined thyroid cancer cell lines. Treatment with NCS also was associated with caspase-3 cleavage, indicating induction of apoptosis. Treatment with WR-1065 (0.1 mM) did not prevent NCS-inducible DNA damage and apoptosis in any of thyroid cancer cells examined. After establishing that WR-1065 had limited effects in our NCS-induced DNA damage model, we next examined the effects of WR-1065 on thyroid cancer cells exposed to γ-radiation. As demonstrated in Fig. 2B , γ-radiation (6 Gy) induced expression of γ-H2AX in all examined cell lines, with the most significant effects in PTC-derived TPC-1 and BCPAP cells. Induction of caspase-3 cleavage after irradiation was noted only in TPC-1 and BCPAP cells. Concurrent treatment with WR-1065 had no inhibitory effects on expression of γ-H2AX and did not prevent apoptosis in thyroid cancer cells that were exposed to γ-radiation. Moreover, in BCPAP cells, treatment with WR-1065 was associated with more prominent DNA damage after treatment with NCS and γ-radiation.
Together these data showed that WR-1065 did not protect thyroid cancer cells against DNA damage or apoptosis and suggested that WR-1065 itself could be toxic for thyroid cancer cells.
Chronic exposure to WR-1065 induces thyroid cancer cell death
Treatment with escalating doses of WR-1065 (ranging from 0 to 1 mM) was associated with a progressive decrease in the number of viable cells in all examined thyroid cancer cell lines. Vi-Cell analysis showed that PTC-derived cells (TPC1 and BCPAP) and FTC-derived cells (FTC-133) were more sensitive to the cytotoxic effects of WR-1065 than the ATC-derived C643 cell line (Fig. 3A) . In C643, TPC1, BCPAP and FTC-133 cells, the number of viable cells was decreased by 8, 47, 92, and 82%, respectively, after exposure to WR-1065 at a concentration 0.1 mM for 24 h.
Treatment with WR-1065 was associated with morphological changes including cell swelling and cell detachment from the plate (Fig. 3B) . Nuclear accumulation of PI, indicating cell death, was detected in TPC, BCPAP and FTC-133 cells, but not in C643 cells, after treatment with WR-1065 0.1 mM (Fig. 3B ) and in all examined thyroid cancer cells after treatment with WR-1065 0.25 mM.
To determine if apoptotic signaling is involved in the response to treatment with WR-1065, we performed Western blot analysis with anti-caspase-3 and anti-PARP using protein extracts from thyroid cancer cells exposed to WR-1065, at a concentration of 0.1 mM for 24 h. As demonstrated in Fig. 3C , treatment with WR-1065 was not associated with cleavage of caspase-3 or PARP in examined thyroid cancer cell lines.
Together, these data showed that WR-1065 is toxic for thyroid cancer cells and suggested that caspase-independent mechanisms contribute to WR-1065-inducible thyroid cancer cell death.
Discussion
Amifostine has long been recognized as a potential radioprotective agent (15) . Randomized trials have shown that this drug reduces the severity and duration of xerostomia in patients receiving daily radiotherapy for head and neck cancer. Amifostine also reduces cisplatininduced nephrotoxicity in patients with ovarian cancer (16) . The drug has been approved for these two clinical indications by European and US regulatory agencies.
Treatment with RAI in patients with thyroid cancer can be associated with damage to the salivary gland parenchyma, resulting in salivary gland swelling and pain, sialadenitis, xerostomia, taste alterations, infection, stomatitis, candidiasis and herpetic infection that significantly affects the quality of life. Protection of salivary gland function has been the focus of research in patients with thyroid cancer, and in some, but not all studies, amifostine has been shown to decrease radiationinduced damage of salivary glands in patients with thyroid cancer (3, 9) . Pre-clinical in vivo models also document amifostine-induced protection of the salivary glands from the RAI-related damage (17) .
Despite these encouraging results, concerns about tumorprotective activity of amifostine have led to controversy regarding the appropriate setting for its use. Pre-clinical experiments with tumor-bearing animals demonstrated that normal tissues as well as cancer cells have varying degrees of protection, depending on the drug scheduling, dose of radiation and tissue characteristics (18) . It also has been shown that oncogene mutations can modulate the effects of amifostine on cancer cell response to radiation (19) .
In this study, we examined the effects of the active form of amifostine (WR-1065) on the thyroid cancer cell response to treatment with DNA-damaging agents. For induction of DNA damage, we used three models: oxidative stress (treatment with H 2 O 2 ), treatment with the radiomimetic neocarzinostatin (NSC) and γ-radiation. These DNA-damaging treatments lead to the activation of DNA damage repair signaling and overexpression of γ-H2AX in thyroid cells derived from follicular cancer (FTC133), papillary cancer (TPC1 and BCPAP), anaplastic cancer (C643) as well as in normal fibroblasts (NIH3T3 cells). Pre-treatment with WR-1065 was not protective for any thyroid cancer cell lines but significantly decreased the extent of DNA damage in fibroblasts. The molecular mechanisms of selective protection of normal cells but not thyroid cancer cells are not clear. It is believed that amifostine is selectively activated by normal cells, and this process is thought to be facilitated by differences in the concentrations of alkaline phosphatases between normal and cancer cells. In our experiments, however, we used an active form of amifostine, WR1065, not requiring conversion by alkaline phosphatases. This observation suggests that differences in the intracellular targets for amifostine, rather than differences in the expression of enzymes catalyzing its conversion to an active form, could account for the differential response of normal and cancer cells.
It has been shown that amifostine is a potent activator of p53 in cell lines expressing wild-type p53. It was suggested that activation of p53 may be the factor responsible for differential response to amifostine between normal and cancer cells in vivo (20) . Luo and coworkers documented that sensitivity of endometrial cancer cells to the therapeutic effect of paclitaxel in combination with amifostine was dependent upon the status of p53. A tumor with a nonsense TP53 mutation showed increased therapeutic response to paclitaxel and amifostine as measured by tumor weight compared to a tumor with wild-type TP53 (21) . Interestingly, Pataer and coworkers showed that amifostine alone can induce apoptosis of human lung cancer cells and that the combination of an adenoviral vector bearing p53 with amifostine resulted in significantly higher levels of apoptosis (19) . To determine whether oncogene mutations contribute to the thyroid cancer cellular response to amifostine, we examined thyroid cancer cell lines harboring different p53 mutations: BCPAP with Asp259Tyr TP53 mutation and C643 with Arg248GlnTP53 mutation, and cells with wild-type TP53: FTC133 and TPC cells. Moreover, the examined cell lines were characterized by BRAF V600E mutation (BCPAP), RET/PTC1 translocation (TPC1 cells) and HRAS mutation (C643 cells). Our results showed that amifostine was not protective for thyroid cancer cells irrespective of their mutation status.
Since amifostine acts as a scavenger of reactive oxygen species to reduce DNA damage, we examined the effects of amifostine on the activation of DNA damage/ repair signaling in thyroid cancer cells in an oxidative stress model. It is known that oxidative stress causes DNA damage and the generation of reactive oxygen species (ROS), with subsequent rapid activation of wild-type p53, ataxia telangiectasia mutated (ATM), and ATM and Rad3-related proteins as well as the phosphorylation of H2AX (22) . By examining phospho-H2AX in response to the treatment with H 2 O 2 , we showed that amifostine did not prevent the activation of DNA repair signaling in thyroid cancer cells.
The mainstay of therapy for high-risk patients with thyroid cancer is treatment with radioiodine. Our data showed that an active form of amifostine, WR1065, has no protective effect on thyroid cancer cells against DNAdamaging agents in vitro and suggests that amifostine will not attenuate the efficacy of radioiodine treatment in patients with thyroid cancer.
Recent studies provided evidence that amifostine has a role as an antitumor agent. Amifostine has been evaluated as a possible treatment for myelodysplastic syndrome because of its stimulation of bone marrow hematopoiesis. Additional work documented that amifostine can exert a direct effect on myelodysplastic syndrome cells through both inhibition of growth and apoptosis and that this effect appears to be independent of p53 status (23). Brenner and coworkers documented synergistic effects of amifostine and radiation in induction of apoptosis of myoblast cells (24) . Dai and coworkers revealed dual-specificity of amifostine action: anticancer synergy between amifostine and paclitaxel in vitro and in vivo in endometrial cancer models, whereas amifostine maintained a protective role in peripheral blood profiles (25) . To determine the possible antitumor activity of amifostine in thyroid cancer, we examined the effects of WR1065 on growth of thyroid cancer cells in vitro. Our results demonstrated that WR1065 was toxic for thyroid cancer cells, especially for cells harboring a BRAF mutation. The possible sensitivity of tumors with BRAF mutation to amifostine was suggested by reports of amifostine use in patients with melanoma. A clinical trial in patients with metastatic melanoma showed that treatment with amifostine in combination with cisplatin every 3-4 weeks produced response rates of 50%, well above the response rates of less than 20% typically seen with cisplatin alone (26) .
Molecular mechanisms underlying response to amifostine in BRAF-positive cells need to be elucidated, and further experiments examining the effects of amifostine on BRAF-positive thyroid cancer in an animal model will be of interest. Our in vitro experiments documented the effects of WR-1065 on thyroid cancer and fibroblast cells response to the DNA-damaging agents, but did not address specifically the potential effects of WR-1065 on thyroid cancer microenvironment, specifically cancerassociated fibroblasts. Further experiments with the use of animal model of thyroid cancer could provide an important information regarding the effect of WR-1065 on thyroid cancer-associated fibroblasts and on the tumor microenvironment.
In summary, amifostine as a pharmacologic modulator of the biological response to radiation injury may represent an alternative concept in radioprotection for patients with thyroid cancer. Our data show that WR1065 had no protective effect on thyroid cancer cells against DNA-damaging agents in vitro and suggest that amifostine will not attenuate the efficacy of radioiodine treatment in patients with thyroid cancer. Results demonstrating WR-1065 cytotoxicity suggest potential utility of antioxidant agents in the treatment of thyroid cancer and warrant further evaluation.
